We study sound speed resonance (SSR) mechanism for primordial black hole (PBH) formation in an early universe scenario with inflaton and curvaton being mixed. In this scenario, the total primordial density perturbations could be contributed by the fluctuations from both the inflaton and curvaton fields, in which the inflaton fluctuations lead to the standard adiabatic perturbations, while the sound speed of the curvaton fluctuations are assumed to be oscillating during inflation. Due to the narrow resonance effect of SSR mechanism, we acquire the enhanced primordial density perturbations on small scales and they remain nearly scale-invariant on large scales, which is essential for PBH formation. Finally, we find that the PBHs with specific mass spectrum can be produced with a sufficient abundance for dark matter in the mixed scenario.
I. INTRODUCTION
Primordial black holes (PBHs) may be formed from density fluctuations in the very early Universe [1] [2] [3] , which can be tested through their effects on a variety of cosmological and astronomical processes. In this regard, the PBHs can serve as an inspiring tool to probe physics in the very early Universe [4, 5] . In particular, PBH could be a potential candidate for (a fraction of) dark matter (DM), which has drawn a lot of attention [6, 7] . PBHs with masses 10 15 g would have evaporated at the present time due to the emission of Hawking radiation [8] , and the emitted particles may impact the gamma-ray background [9] and the abundance of light elements produced by the big bang nucleosynthesis [10] . For the PBHs with masses greater than 10 15 g, they could survive up until the present epoch and are expected to be constrained by their gravitational effects, such as gravitational lensing [11] , dynamical effects on baryonic matter [12] , or the fast radio burst created by mergers of charged PBHs [13] . Recently, particular attention has been paid to the gravitational waves (GWs) generated by PBH-PBH mergers [14, 15] , as well as the induced GWs from the enhanced primordial density perturbations associated with PBH formation [16] [17] [18] [19] [20] . The GW survey shall be a promising window to reveal physical processes of PBH formations.
Some high-density regions of the very early Universe are expected for PBH formation. One possibility is that there were large primordial inhomogeneities, and the resulting over-dense regions might collapse to form PBHs [21] . This motivates many theoretical mechanisms of generating PBHs, which often require a power spectrum of primordial density perturbations to be suitably large on certain scales that are associated with a particularly tuned background dynamics of quantum fields in the very early Universe (e.g. see [7, for studies within inflation, see [43, 44] for discussions within bounce cosmologies, and see [5] for recent comprehensive reviews).
Recently, a novel mechanism for PBH formation by virtue of sound speed resonance (SSR) was proposed in [45] . According to this mechanism, it was found that an oscillating sound speed square could yield nonperturbative parametric amplification on certain perturbation modes during inflation. As a result, the power spectrum of primordial density perturbations can have a narrow major peak on small scales, while remains nearly scale-invariant on large scales as predicted by inflationary cosmology. Note that several minor peaks of the power spectrum of primordial density perturbations on smaller scales are also predicted by this mechanism. It was found in [45] that the formation of PBHs caused by the resulting peaks in SSR mechanism could be very efficient, which could be testable in the future observational experiments.
Primordial density perturbations seeded the large-scale structure (LSS) of the Universe, are usually thought to arise from the quantum fluctuations during the inflationary era, from which a nearly scale-invariant power spectrum with a standard dispersion relation is obtained [46] . This was confirmed by various cosmological measurements such as the cosmic microwave background (CMB) radiation [47, 48] and LSS surveys at extremely high precision. It is interesting to note that, any light scalar field during inflation could lead to a nearly scaleinvariant power spectrum. This leads to an alternative mechanism for generating nearly scale-invariant primordial power spectrum from an additional light scalar field rather than the inflaton, which is called the curvaton scenario [49] [50] [51] [52] [53] (see also [54] [55] [56] [57] [58] [59] for discussions within bounce cosmologies), and it can be further generalized by including both inflaton and curvaton, which is dubbed as the inflaton-curvaton mixed scenario [60] [61] [62] [63] [64] [65] [66] . In the latter case, primordial density perturbations are generated by both the inflaton and curvaton fluctuations, in which the inflaton fluctuations lead to the adiabatic perturbations, while the curvaton carries the entropy perturbations during inflation, and convert into the primordial density perturbations in the post-inflation era.
In this work, we consider the inflaton-curvaton mixed scenario, by assuming a slow-roll inflationary background where the inflaton potential is characterized by the slowroll parameter 1. And is assumed to be timeindependent under the quasi-de Sitter approximation. We generalize the SSR mechanism [45] into the curvaton sector, i.e. the curvaton fluctuations propagate with a time-dependent oscillating sound speed during inflation. The modes around the characteristic wave lengths can be exponentially amplified due to the narrow resonance effect of SSR mechanism. Consequently, we acquire the enhanced primordial density perturbations on small scales, which is essential for PBH formation.
This article is organized as follows: in Section II, we briefly describe the inflaton-curvaton mixed scenario, and apply SSR mechanism in this scenario. The enhanced mode functions around the characteristic scales of the curvaton perturbations are obtained. After that, we calculate in detail the resonating inflaton and curvaton fluctuations under the de Sitter approximation and the quasi-de Sitter approximation, respectively. In Section III, we discuss the generation of primordial density perturbations in our scenario, and numerically derive the constraints on the corresponding parameter space. The parametrized power spectrum is then obtained. In Section IV, we acquire the specific PBH mass spectrum which is within the current bounds of various experiments. We conclude by presenting our results with discussion in Section V.
II. SSR IN THE INFLATON-CURVATON MIXED SCENARIO
As mentioned previously, in the inflaton-curvaton mixed scenario, the total primordial curvature perturbation ζ on uniform-density hypersurfaces is contributed from both the inflaton perturbation and the curvaton perturbation [60, 64] 
where P φ ζ and P σ ζ account for the contributions from inflaton φ part and curvaton σ part, respectively. The primordial power spectrum P φ ζ is nearly scale-invariant on super-Hubble scales [46] 
where * refers to the quantity evaluated at Hubble-exit k = aH, and M 2 p = 1/8πG is the reduced Planck mass. In our work, the value of the slow-roll parameter is chosen as = 0.001. Note that according to the observation [48] , the scale-invariant power spectrum on large scales is measured as
which implies that P tot ζ P obs ζ on large scales in the mixed case (1) , and hence, the parameter choices ought to be in agreement with this requirement.
We further assume that the inflaton φ and the curvaton σ are uncorrelated. For simplicity, we consider the case that the curvaton's potential is quadratic, i.e.
where V (φ) is the inflaton potential and m σ is the mass of curvaton which is a positive constant. In the standard curvaton scenario, the curvaton is expected to be light (m σ H) and subdominant during inflation, while the inflaton drives the inflationary expansion of background. After inflation, the Hubble parameter drops into the regime H ∼ m σ , then the curvaton starts oscillating about the minimum of its potential. At this oscillating phase, the curvaton behaves like the pressureless matter, such that the time-averaging energy density evolving asρ σ ∝ a −3 . Primordial density perturbations are generated from the curvaton fluctuations when curvaton decays (before primordial nucleosynthesis to avoid a residual isocurvature perturbation [52, 67] ). In the mixed case, these physical processes still hold.
Inspired by the parametrization form suggested in [45] , the sound speed square parameter for the curvaton field is time-evolving during inflation and is assumed to be parametrized as follows:
where ξ is a small dimensionless quantity that measures the oscillation amplitude and k * is the oscillation frequency. Note that, ξ < 1/4 is required such that c 2 s is positively definite, and the oscillation begins at τ i , where k * needs to be deep inside the Hubble radius with |k * τ i | 1. Moreover, we set c 2 s = 1 before τ i and phenomenologically assume that it can begin to oscillate smoothly. And we also make an assumption that the sound speed square recovers c 2 s = 1 smoothly at the end of inflation. The SSR mechanism was first studied in [45] , in which the inflaton was assumed to undergo the SSR rather than the curvaton.
We start from the Mukhanov-Sasaki equation for the canonically normalized field perturbation [68, 69] 
where the prime denotes the derivative with respect to the conformal time τ (i.e. dτ = dt/a and a is the scale factor), and we have introduced the variables
where H is the comoving Hubble parameter and Q σ is the gauge-invariant curvaton perturbation
Note that in the spatially flat gauge ψ = 0, Q σ coincides with δσ. For a homogeneous background, the curvaton satisfies the background equation of motion (EoM) as follows:
where we have defined χ(τ ) ≡ a(τ )σ(τ ). In a quasi-de Sitter approximation, the scale factor behaves as a(τ ) 1/H( −1)τ , and the term a /a can be expanded in terms of the slow-roll parameter , i.e. a /a = (2 + 3 )/τ 2 + O(
2 ) [70] . Taking η ≡ m 2 σ /H 2 and expanding for small values of and η, EoM (9) can yield the solutions of a power-law form χ ∝ τ α± , where
where α − and α + denote a near-constant solution and a decreasing solution forσ, respectively. According to the constraints (26) on the background curvaton field, the decreasing solution needs to be dropped. Then we havē σ(τ ) σ * (τ /τ * ) 1+α− , whereσ * is evaluated at Hubbleexit of the relevant mode. Thus, the termσ /H is estimated asσ
By using the expression (10), the effective mass term z /z can be expanded in terms of small amplitude ξ and slowroll parameter
Note that in the de Sitter limit → 0 and using the assumption that the curvaton is very light during inflation, where η → 0, the above expression of z /z (12) reduces to the one in [45] . In the SSR mechanism, the oscillation of sound speed square starts inside the Hubble radius with |kτ | 1, and thus the first two terms in z /z (12) become negligible on sub-Hubble scales. Consequently, Eq. (6) can be approximated in the form of the Mathieu equation:
)ξ, of which the solution is the combination of Mathieu cosine and sine functions, as shown explicitly in Appendix A. The solution can be exponentially amplified in some regions of parameter space, which is the key idea of enhancing the primordial fluctuations in SSR mechanism [45] . Since the parameters A k and q in the Mathieu equation (13) are the same with [45] , both results of v k should coincide with each other on sub-Hubble scales. The solution of Eq. (13) does not manifestly rely on the inflationary background on sub-Hubble scales since this equation does not involve any background model parameters such as the slow-roll parameter . On super-Hubble scales, our numerical results show that the resonating inflaton and resonating curvaton match reasonably well, as shown in Fig. 1 .
We mention that around the characteristic scale k c (1 + ξ)k * , the mode function v kc (τ ) oscillates and increases inside the Hubble radius, while on super-Hubble scales, v kc (τ ) behaves as ∼ 1/τ , and thus the curvaton field fluctuation δσ is nearly frozen. For other modes k = k c , the mode function is not amplified, which behaves like the Bunch-Davis (BD) vacuum [45] . Note that in the Mathieu equation (13), ξ is small and thus |q| 1, implying that resonance bands are located in narrow ranges about the harmonic frequencies k nk c with n being an arbitrary integer number. This is the narrow resonance effect for the SSR mechanism. The growth of v kc (τ ) can be estimated by
which is denoted by a green solid curve in Fig. 1 . The amplification ceases around Hubble-exit, since the first term in Eq. (12) becomes dominant on super-Hubble scales.
The above analyses show that, in the SSR mechanism, the behaviours of mode functions v k (τ ) of resonating inflaton and curvaton are very similar under the quasi-de Sitter approximation, which are presented in Fig. 1 . We also find that the de Sitter approximation and the quaside Sitter approximation match well for resonating inflaton in the previous work [45] . For the exact solution of resonating curvaton in a quasi-de Sitter background, one needs to choose a specific model of inflation, and numerically solve the Mukhanov-Sasaki equation (6) combining with the background equation (9) . For instance, we present the numerical result for the Starobinsky inflation model [71] which is represented by the pink solid curve in Fig. 1 . The numerical solution of v k (τ ) in this model matches the solution in the quasi-de Sitter approximation (depicted by the grey solid line) on both sub-Hubble and super-Hubble scales, as shown in Fig. 1 .
Note that the amplified mode function (14) will lead to enhanced curvature perturbation after inflation through the conversion of entropy perturbations carried by curvaton. In the following section, we will discuss this aspect in detail. 
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III. PRIMORDIAL DENSITY PERTURBATIONS IN THE INFLATON-CURVATON MIXED SCENARIO
On super-Hubble scales, the curvature perturbations on uniform-density hypersurfaces can be written as [67, 72] 
where the subscript i denotes either inflaton φ, curvaton σ or total energy density. ω i = P i /ρ i is the equationof-state parameter, and ρ i (ρ i ) denotes the (background) energy density of the i-th field component. Using Eq. (15), the local density of i can be written in terms of its homogeneous value and the inhomogeneous expansion perturbation δN
During the early radiation-dominated phase, the curvaton oscillates around the minimum of its potential, but before it decays, it behaves like the pressureless matter (ρ σ ∝ a −3 ), and then its time-averaged energy density is [52, 62] 
where σ is the root-mean-square amplitude of the curvaton field. Using the equation (16) for the oscillating curvaton, we have
In the post-inflation era, the curvaton is still subdominant, the spatially flat hypersurfaces are characterized by δN = ζ φ [62] , where ζ φ corresponds to the adiabatic perturbation generated by the inflaton fluctuations δφ, then we yield
The entropy perturbation S σ carried by curvaton perturbation is given by S σ ≡ 3(ζ σ − ζ φ ). Combining the relations (17) and (19), one yields
At the linear order, one acquires
which is consistent with [67, 73] in which ζ φ = 0.
In the inflaton-curvaton mixed scenario, the sound speed is assumed to transit to c 2 s = 1 smoothly at the end of inflation. And we also assume that the curvaton is subdominant and weakly coupled before it decays, the dynamics of δσ can be written as
Note that comparing with (9),σ and δσ share the same EoM. Hence, the fraction δσ/σ remains constant on super-Hubble scales before the curvaton decays [50, 52, 74] . Thus, we evaluate this fraction at the end of inflation, and the entropy perturbation (21) is rewritten as
Since δσ andσ are frozen on super-Hubble scales during inflation. In the mixed case, we regardσ * and δσ * as the initial conditions. One of constraints onσ * comes from the expectation that the quantum fluctuations in a weakly coupled field such as the curvaton δσ * , to be well described by a Gaussian random field [67] . Thenσ * satisfies [50] H * σ * .
In addition, σ is supposed to start oscillating before it decays and still strongly subdominant with respect to radiation (in order to avoid the secondary inflation triggered by curvaton [60, 75] ). This implies [60] σ * M p .
Thus, we now have the constraints onσ *
We assume that the inflaton completely decays into radiation immediately at the end of inflation. Any initial inflaton perturbation would lead to a perturbation in radiation energy density perturbation before the curvaton decay, we denote it by ρ R [62] . Using the equation (16), we write
We also assume that the curvaton decays on a uniformtotal density hypersurface when H = Γ σ , where Γ σ is the decay rate of the curvaton (assumed to be constant). The calculation could be performed on other hypersurfaces, e.g. a uniform curvaton density hypersurface [73] . Thus, on this uniform-total density hypersurface, we have
whereρ r (t) is the total background energy density at the curvaton decay. Note that δN = ζ r according to the equation (16), and ζ r is the total curvature perturbation at decay of curvaton. Assuming all the curvaton decay products are relativistic, then ζ r is conserved after the curvaton decay and before Hubble re-enter. The equation (28) gives [67] Ω σ,dec e 3(ζσ−ζr)
where Ω σ,dec =ρ σ /(ρ σ +ρ R ) is the curvaton density fraction at its decay. The equation (29) gives a fully nonlinear relations between the primordial curvature perturbation ζ r , the inflaton perturbation ζ φ and the curvaton perturbation ζ σ . At the linear order, (29) gives
where the energy fraction f is defined as
Using (21) and (30), the total power spectrum for the primordial curvature perturbation is written as
where τ * = −1/k. It is useful to introduce dimensionless parameter to measure the relative contribution of curvaton to that of inflaton [62] 2 × 10 −9 on large scales, while the major peak of the enhanced power spectrum P tot ζ (kc) (34) on small scales is bounded by 1 in the perturbative regime.
then the total primordial power spectrum is given by
The constraints on the mixed scenario arise from two aspects: on large scales, the observational constraints (3) imply that P tot ζ P obs ζ 2 × 10 −9 ; And on small scales, the power spectrum is exponentially amplified around the characteristic scale k c due to the narrow resonance effect of SSR mechanism. As we work in the perturbative regime, the magnitude of total primordial power spectrum should be limited by unity, i.e. P tot ζ (k c ) < 1. The constraints on the parameter space of the mixed scenario are shown in Fig. 2 . Besides the parameters in SSR mechanism {ξ, τ i , k * } [45] , the set of parameter space is given by {f, m, h}, where the energy fraction f (31) is the energy fraction of curvaton field; while m ≡ M p /σ * and h ≡ H * /M p . Taking into account of the constraints from observations (3) and that of curvaton field (26), we find such constraints of h < 1.3 × 10 −5 and 1 m 10 5 . Fig. 3 shows the schematic diagram on the energy density evolutions of inflaton, curvaton and their decay products (radiation). Fig. 4 shows the parameter space of {m, h} by setting f = 0.04. Consequently, our numerical results show that λ 1, could match the scaleinvariant power spectrum (3) on large scales, see Fig. 5 . This implies that the inflaton perturbation is subdominant for small energy fraction f in the inflaton-curvaton mixed scenario (1), which recovers the standard curvaton models. Previous works on PBH formation via curvaton scenario [76, 77] suggest that in order to maintain the scale-invariant property, the primordial density perturbations generated from curvaton should be dom- inant on small scales while inflaton dominates on large scales. By contrast, our model shows that such perturbation could be dominant on all scales. For the large energy fraction f , λ could be comparable with or even smaller than unity in the non-resonant region (k = k c ).
For example, when we choose the values of parameters as follows: for f = 1.5, m = 25, h = 9 × 10 −6 , we yield λ =
1.2, implying the contributions from curvaton and of inflaton are on the same order of magnitude in the non-resonant region; for f = 2, m = 10, h = 1.1 × 10 −5 , we yield λ 0.3, implying that the relative contribution from inflaton is dominant on all scales except for the resonant region around k c . Within the model parameter space {f, m, h}, the peak of λ for the large energy fraction f is slightly lower than that of the small f .
We focus on the characteristic mode k c (1 + ξ)k * , the parameter λ evolves as λ(τ ) λ(τ i )e −ξkcτi 8
before Hubble crossing, where we have set the mode function at the beginning of resonance to the BD vacuum, v k (τ i ) = e −ikτi / √ 2k. The enhancement factor e −ξkcτi arises from the interplay of two effects as discussed in [45] : the oscillation in the sound speed, controlled by its amplitude ξ; and the expansion of the Universe from the beginning of the resonance to the Hubble crossing of k c , i.e., v ≡ −k c τ i = τ i /τ c e ∆N , where ∆N is the e-folding number for this period of inflation. The numerical results show that the peaks for harmonic frequencies 2k c , 3k c , · · · are suppressed by a factor of around O(10 −8 ), so they can be safely neglected. For simplicity, we keep our discussion on the k c mode, and parametrize the power spectrum using a δ function
where
is the amplitude of the standard power spectrum (3) and n s is the spectral index at pivot scale k p 0.05Mpc −1 . The total primordial power spectrum P tot ζ is shown in Fig. 6 , the value is amplified around the characteristic scale k c , while it remains nearly scale-invariant on large scales.
IV. PBH FORMATION
We now study the formation of PBHs due to enhancement in the primordial power spectrum in the inflatoncurvaton mixed scenario (35) , the analysis is quite similar with [45] . From Fig. 5 , the peak in the power spectrum is extremely narrow (∼ ξk * ), thus only the modes with frequencies very close to k c would be able to reach sufficiently large amplitude to collapse into black holes. After Hubble exit, if the density perturbations from these modes are greater than a critical value δ c , they could collapse into black holes due to gravitational attraction after Hubble reentry. The Schwarzschild radius of PBHs with mass M is related to the physical wavelength of the mode k M at a Hubble reentry,
. Accordingly, the PBH mass can be expressed as a function of
is the e-folding number from the Hubble-exit time of the mode k M to its reentry time. The correction factor γ represents the fraction of the horizon mass responsible for PBH formation, which can be simply taken as γ 0.2 [21] . Given the sharpness of the peak in the power spectrum, the PBHs formed in this context are likely to possess a rather narrow range of mass.
To estimate the abundance of PBHs with mass M , one usually defines β(M ) as the mass fraction of PBHs against the total energy density at the formation, which can be expressed as an integration of the Gaussian distribution of the perturbations
where Erfc denotes the complementary error function. σ M is the standard deviation of the density perturbations at the scale associated to the PBH mass M , which can be further expressed as σ scale-invariant part of the power spectrum is smaller than the critical density, no black holes would form except at scales very near the resonance peak. As we are working in the perturbative regime, the height of the peak in P ζ (k) should not exceed unity, corresponding to a maximal variance σ
, which is similar with [45] . Combining the current experimental constraints shown in Fig. 8 , this maximum variance gives upper bounds for oscillation amplitude ξ with different ∆N (k M ), which is shown in Fig. 7 .
PBHs formed by SSR mechanism can account for dark matter in wide parameter ranges and easily satisfy experimental bounds. To see this, we consider the fraction of PBHs against the total dark matter component at present time [5] 
where g * ,form is the total relativistic degrees of freedom at the PBH formation time.
The numerical results of f PBH with the current experimental constraints are shown in Fig. 8 . We have chosen the parameters as follows: γ 0.2, g * ,form = 100 [10] and the threshold value for PBH formation δ c = 0.37 [5] , as well as adopting the Planck result for n s = 0.968 [48] , and choosing the oscillation amplitude to be ξ = 0.1 [45] . Fig. 8 shows the current bounds of experiments including extra-galactic γ-ray background (EGB) [10] , white dwarves (WD) [79] , and lensing events including Hyper Suprime-Cam (HSC) [80] , Expérience pour la Recherche d'Objets Sombres (EROS) / massive astrophysical compact halo object (MACHO) [81] , Optical Gravitational Lensing Experiment (OGLE) and supernovae (SNe) [82] . Fig. 8 also shows the constraints from ultra-faint dwarf galaxies (UFD) [83] and the CMB background [84] . In Fig. 8 , the red dashed lines correspond to f PBH with different choices for the resonance frequencies k * . Since we obtain the similar maximal variance in density perturbation on the mass scale M PBH before, the results for f PBH in the mixed scenario are similar with [45] . As discussed in [45] , one can see from Fig. 8 that the PBH mass distribution is given by a narrow peak around k * : this is a distinctive feature of the PBHs formed by SSR mechanism apart from the PBHs formed by other processes, for which the mass distribution is usually more spread out. By varying the value of k * , the peaks form a 1-parameter family enveloped by a yellow solid curve that mainly depends on the amplitude ξ.
V. CONCLUSION
In this work, we study SSR mechanism in the inflatoncurvaton mixed model, in which the total primordial density perturbation is contributed by both the inflaton and the curvaton fluctuations. In contrast to the original SSR mechanism [45] , we assume that the sound speed of the curvaton fluctuations is oscillating instead of the inflaton fluctuations during inflation, which in turn leads to the standard adiabatic perturbation in our model. For simplicity, we consider a quadratic potential for curvaton field and a general inflaton potential characterised by the slow-roll parameter , which is assumed to be time-independent in the quasi-de Sitter approximation for background. We start from the Mukhanov-Sasaki equation for mode function of the curvaton fluctuations, and it can be rewritten as a standard Mathieu equation in the quasi-de Sitter approximation, which has a narrow resonance range in the model parameter space. Consequently, we find that the mode function is exponentially amplified around the characteristic frequency k c , while the other modes behave as the BD vacuum state. After the inflationary era, inflaton is assumed to decay into radiation immediately, while the curvaton energy density is still subdominant and carries the entropy perturbation which could convert into adiabatic curvature perturbation before curvaton decays. Finally, we obtain the total primordial curvature perturbation which is enhanced on small scales and remains nearly scale-invariant on large scales. Since we work in the perturbative regime, the maximum value in amplified total primordial spectrum must not exceed than unity. By combining with the observational constraints on the primordial density perturbation, we plot the parameter space {f, m, h} of the mixed scenario. For the small energy fraction of curvaton at its decay, the relative contribution of curvaton for primordial density perturbation is much larger than that of the inflaton on both small and large scales, and thus inflaton perturbation could be subdominant in the mixed scenario, which is different from other's works on PBH formation via curvaton mechanism. Moreover, inflaton perturbation could become the dominant contribution in the non-resonant region, only if the energy density of curvaton becomes dominant before its decay.
After the standard calculations, we acquire the maximal variance of the primordial density perturbation on the mass scale M PBH , which gives the upper bounds for oscillation amplitude ξ combining with the current bounds of various experiments on the PBHs. Similar with the original SSR mechanism studied in [45] , the PBH mass distribution is given by a narrow peak around the characteristic scale k * , and by varying k * , one could acquire a wide-range distributed mass spectra from 10 −17 M ∼ 10 4 M , which are within the current bounds from a number of astronomical experiments.
Moreover, we mention that it is interesting to break the degeneracy between the resonating inflaton [45] and the resonating curvaton, through the induced GW signals due to different nonlinear couplings between scalar and tensor modes. The GWs induced by the resonating inflaton from the inflationary era is dominated by the sub-Hubble modes [20] . When we consider the existence of curvaton, the entropy perturbation arise from curvaton is expected to affect the GW signals induced by the curvaton perturbations. This issue will be addressed in the follow-up study.
